Introduction
Natural products are chemical substances, which usually have distinctive pharmacological effects, produced by a living organism. Natural products, which are the most successful source for drugs, have gained more attention in recent years for their clinical practices and reliable therapeutic efficacy (1) . However, the components of natural organisms such as herbal medicines are complex mixtures consisting of hundreds or even thousands of different compounds, but only parts of them are responsible for the biological and/or toxic effects. Furthermore, in most cases, biologically active compounds in natural resources are not known or only partially known. Therefore, it is a challenge, but with great significance, to screen bioactive compounds from natural resources and to clarify their therapeutic mechanisms.
Many strategies have been applied for the screening of bioactive compounds, such as animal models (biofluid, organ and tissue), cellular models, receptors and enzyme-based models. Traditionally, the screening of bioactive compounds was conducted to obtain all of the pure compounds from the complex sample, after which the tests on cellular or animal models were performed for each compound. However, those procedures are time-consuming, expensive and inefficient (2) . Chromatographic methods have become very effective and powerful tools for screening bioactive components from natural resources.
Biochromatography, by fixing various bioactive materials such as bioactive molecules, cell membranes, cells and artificial biomembrane as chromatographic stationary phases, can be used as screening tools and for predictive profiling of key pharmacokinetic parameters of an active molecule (absorption, distribution, metabolism and excretion) (3) . The method is a combination of screening, separation and structural elucidation of active components in complex matrices without tedious, systematic chemical separation processes. The primary mechanism acting in biochromatography is in the biological-like interactions, which are similar to those of affinity chromatography. However, biochromatography also includes some other mechanisms in addition to specific binding, such as selective diffusions. For offline biochromatography, live cells or cell membranes are usually used as bioextraction media, and it is followed by chromatographic analysis. By comparing the chromatograms for the sample before and after interaction with biomaterials (cell, cell membrane or biomolecule), the active compounds can be predicted (4) . On the other hand, for online biochromatography, the biological materials are used as the stationary phase during chromatographic analysis. The compounds in the complex matrix may interact with the stationary phase (biological materials) via affinity and absorption, and then the active compounds can be screened out according to the different values of binding constants or the drift of retention time (5) . Usually, according to the different types of stationary phases, biochromatography can be classified as molecular biochromatography, biomembrane chromatography, cell biochromatography or artificial biomembrane chromatography. Several Chinese reviews have been published in local journals that introduce some applications of biochromatography in the screening of bioactive compounds from traditional Chinese medicines (3, (5) (6) (7) (8) . However, offline bioextraction followed by chromatographic analysis is always excluded from these reviews. The present review summarizes the applications of both offline and online biochromatography in the screening of bioactive compounds from natural resources.
Offline Bioextraction and Chromatographic Analysis
Usually, when using a live cell or cell membrane as extraction medium, offline bioextraction coupled with chromatographic analysis may keep the integration of the cell membrane, the stereoscopic structure of the membrane receptors and the surrounding environment free from the interference of many inactive compounds (9) . In addition to the specific interactions, microdialysis and centrifugal ultra-filtration (CUF) are also based on the selective diffusion of the different molecular weights.
Today, platelets (10), macrophages (11, 12) , splenocytes (13) , liver cells (14) , caco-2 cells (15) and endothelial cells (16) have been used as the stationary phase for offline bioextraction. The applications of offline bioextraction for the identification of potential bioactive compounds from natural sources are summarized in Table I .
Cell or cell membrane
Platelets are key components for normal clotting mechanisms and critical factors in pathological thrombosis. Platelets include many receptors (29) that can specifically bind with different active compounds, which are the basis for the screening of multiple components from complex matrices. Several reports have been published for the identification of active chemicals in natural products using platelets as extraction material. For example, six potential active compounds were obtained from the water extracts of Radix Salviae Miltiorrhizae (RSM) with the platelet membrane as the extraction medium. During the experiment, the platelet membrane selectively combined with the active components and the unattached substances were washed away with phosphate buffer saline (PBS) of pH 7.4. Platelets were denatured by the addition of PBS, pH 4.0, to the filter, and the components bound to the membranes were liberated. Finally, the filtrate with released components was analyzed by high-performance liquid chromatography (HPLC) after centrifugation (10) . A similar approach was applied for Mailuoning injection; eight effective components were found, two of which were identified as chlorogenic acid and caffeic acid (17, 30) . Furthermore, a human platelet extraction and HPLC -diode array detection-electrospray ionization tandem mass spectrometry (DAD-ESI-MS) method was developed for the identification of anti-thromboembolic chemicals in Panax notoginseng. Five compounds were found that can interact with human platelets. Two of them, identified as adenosine and guanosine, have shown potential anti-platelet aggregation activity based on in vitro assays (18, 28) .
A multiple-cell screening method to predict bioactive components is generally performed according to the concept that multiple targets result in multiple activities (24) . One study used mice macrophages (Raw 264.7 cell), human umbilical vein endothelial cells (Ecv 304 cell) and human liver cells (HL 7702 cell) as biomaterial for the extraction of active compounds from RSM, which was followed by HPLC -MS analysis. Seven compounds were detected in the desorption eluates of Raw 264.7 and Ecv 304 cells, and four in HL 7702 cells (19) . A similar study identified 11, 9, 15 and 5 active compounds associated with endothelial cells, myocardial cells, blood platelets and red cells in RSM, respectively (24) . Other examples have used Caco-2 cells and red cells for the identification of active compounds in Radix Astragali (15), or HL-7702 cells, RAW 264.7 cells and Caco-2 cells for Danggui Buxue decoction (27) .
Artificial biomembrane
Microdialysis using artificial membranes such as liposomes has also been used for the study of permeability of compounds. Dong et al. (31) screened for bioactive components from natural products by microdialysis and HPLC-DAD-MS analysis. In brief, the sample and liposome mixture was placed into a dialysis bag until it reached equilibrium; the solution outside the dialysis bag was collected and analyzed by HPLC. The results showed that eight bioactive components of RSM were obviously decreased compared to the blank; among these, five peaks were identified as protocatechuic aldehyde, caffeic acid, rosmarinic acid, salvianolic acid B and salvianolic acid A. Furthermore, seven bioactive components in Danggui buxue decoction were found by using the same method (32, 33) . Similarly, Chen et al. (34) compared the chromatograms of samples prepared both before and after interaction with liposome membranes, erythrocyte membranes and cardiac myocyte membranes. Twelve permeable compounds of RSM were identified and proven to be biologically active, with the exception of vanillic acid. Additionally, it was found that dihydrotanshinone I, cryptotanshinone, tanshinone I and tanshinone IIA specifically combined with cardiac myocyte membranes, which may indicate a useful approach for revealing the cardiovascular effects of RSM. Lei et al. used microdialysis coupled with HPLC-MS to study the binding property of human breast cancer MCF-7 and multidrug-resistant MCF-7 cell systems. This study showed that two compounds, seudolaric acid A and pseudolaric acid B, in the cortex of Pseudolarix kaempferi can easily bind to the MCF-7 cells. Meanwhile, another compound, tetrandrine from the root of Stephania tetrandra, showed higher binding activity with multidrug-resistant MCF-7 cells (35) .
Biomolecules
Although intact cells or cell membranes are the most frequently used materials, biomolecular materials such as immobilized enzymes are also used for the extraction of inhibitors from complex matrices. Megı´as et al. first used immobilized angiotensin to convert enzymes by reaction with activated support 4% beads cross-linked with glyoxyl-agarose to purify inhibitory peptides from food such as sunflower and rapeseed (36, 37) . These inhibitory peptides could be used as functional ingredients for the elaboration of functional foods with anti-hypertensive-like activity. In addition, Zhou et al. used CUF sampling with HPLC -DAD-MS to screen for the bioactive components binding with calf thymus deoxyribonucleic acid (ct-DNA) from the extracts of Lonicera japonica (38) . Su et al. used a similar method to screen for the bioactive components of Coptis chinensis and Rheum palmatum; seven compounds in C. chinensis and 11 in R. palmatum were screened out as DNA binding agents (39) .
Online Biochromatography
Although bioextraction coupled with chromatographic extraction is an effective method for predicting active compounds in natural products, the disconnection between the bio-interaction and chromatographic analysis fails to obtain some kinetic parameters, such as the binding constant of the compounds. Furthermore, bioextraction still requires a long time and a tedious procedure. Therefore, online biochromatography is currently preferable.
Molecular biochromatography
When drugs are distributed in the human body, they will specifically interact with biomolecules such as antibodies, enzymes and receptors (40) . Molecular biochromatography ( primarily called affinity chromatography) is based on the biological interactions between active chemicals and these biomolecules.
Serum albumin
Most drugs can reversibly bind to plasma proteins to some degree in a process that may often have significant effects on the transport, modulation and inactivation of metabolites and drug activities. Albumin is the most abundant protein in blood and can reversibly bind many pharmacological substances. The albumindrug complex serves as a circulating drug reservoir and releases more drugs when the free form drug is metabolized. Therefore, albumin can decrease the maximum intensity and extend the acting time of the drug by forming an albumin-drug complex. Human serum albumin (HSA) has usually been used for the study of bioactive compounds in natural products, either by using HSA immobilized-silica as a stationary phase in HPLC (41) (42) (43) (44) (45) or by using HSA as a pseudo-stationary phase in affinity capillary electrophoresis (ACE) (46) . However, the low column efficiency and peak capacity of biochromatography, which make chemical identification very difficult, limit its screening applications. Multidimensional LC systems have been regarded as powerful separation techniques because of their large peak capacity, effective separation and high resolution. Therefore, two-dimensional (2D) biochromatography combines the affinity property of the biochromatographic column and the high-speed separation ability of commonly used columns such as reversed-phase (RP) columns, which should be helpful for the identification and characterization of bioactive components in complex matrices. Hu et al. (47) developed a comprehensive 2D LC method by coupling an HSA immobilized-silica column (first dimension) to a silica monolithic octadecylsilane (ODS) column (second dimension). The first dimension was applied to study the interaction of multiple components in traditional Chinese medicines (TCMs) with HSA according to their affinity to protein, whereas the second dimension further separated the unresolved components eluted from the HSA column. The ultraviolet (UV) and molecular weight information were obtained by UV and MS detection to identify the chemical structures of the targeted compounds. The developed method was applied for the analysis of the extract of R. palmatum and six active compounds were preliminarily identified. Figure 1 shows the 2D chromatogram for the R. palmatum extract. Another study using a similar approach tentatively identified four bioactive chemicals as benzoldeoxyaconitine, benzoylmesaconine, deacetylated deoxyaconitine and aconine in pendulous monkshood root (48) . Furthermore, a comprehensive 2D biochromatography method was also developed using a silica-bonded HSA column (first dimension) and an RP-column (second dimension) for the biological fingerprinting analysis of bioactive components in Longdan Xiegan Decoction (LXD). More than 100 compounds in LXD that interacted with the immobilized HSA were separated and analyzed, among which 19 compounds were tentatively identified (49) . In addition, bovine serum album (BSA) immobilized on the obtained monolithic matrix to be the stationary phase of molecular biochromatography was also used for analyzing the methanolic extract of Angelica sinensis (50) . a1-Acid Glycoprotein a1-Acid glycoprotein (a1-AGP) is another important plasma protein that primarily binds with basic drugs and may be used as a complement to serum albumin as the stationary phase in molecular biochromatography to screen and analyze the active components in natural products (51 -53).
Wang et al. used a1-AGP as the stationary phase to screen bioactive chemicals from RSM. More than 10 peaks were found to have the ability to bind with AGP. Furthermore, it was found that the hydrophobic force is the most important factor contributing to the binding activity of the bioactive components in RSM with AGP (54). Furthermore, a1-AGP and serum albumin were used as the stationary phase for the screening of active components from Rhizoma chuanxiong. Five major peaks and many small peaks were resolved based on their affinity for AGP and HSA, respectively, and three of them were identified as ferulic acid, chuanxiongzine and ligustilide. It was suggested that the screening of the active acidic components be preferably performed on the HSA stationary phase because HSA showed a stronger affinity for the active acidic compounds (55) .
Enzymes
Immobilized enzymes are widely used in biocatalysis, bioprocessing and biospecific detection. Compared with other affinity models, enzymes are rapid, economical, highly sensitive and specific, and have been applied to screen for drugs, to determine the kinetic constants of enzymes, to calculate the inhibition constant and to speculate inhibition types (56) .
In biochromatography, enzymes have usually been used for the screening of inhibitors. Li et al. established a biochromatography model for the screening of aminopeptidase (APN) inhibitors. Thirty-five new compounds were tested on the developed model, one of which had a good inhibitory effect on APN (57) . Furthermore, a capillary electrophoresis (CE) method with an online acetylcholinesterase (AChE) microreactor at the inlet of the capillary was developed for the inhibitor screening of a small compound library containing two known AChE inhibitors and 30 natural extracts, and species with inhibition activity were directly identified. The results showed that the immobilized AChE microreactor was quite effective for studying the inhibition behavior and for screening of AChE inhibitors from a complex matrix (58) .
Others
Expect for serum albumin, enzymes and a1-AGP, other biomolecules such as receptors and DNA are also used in molecular biochromatography. Zheng et al. immobilized a b2-adrenoceptor (b2-AR) onto a silica surface as the stationary phase to screen for active components from Semen Armeniacae Amarum (SAA). The results showed that amygdaloside in the crude extract of SAA showed retention characteristics on the b2-AR column (59). Su et al. (60) analyzed the biological fingerprinting of Coptis chinensis and R. palmatum by the immobilization of DNA onto a silica gel as the stationary phase. They used both 1D and 2D chromatography. The 1D chromatography was performed on the immobilized DNA column, whereas the 2D chromatography was developed by an immobilized DNA column combined with a silica monolithic ODS column. Several compounds were found to be active for binding to the immobilized DNA: seven compounds in C. chinensis, including berberine, palmatine and jatrorrhizine; 14 compounds in R. palmatum, including aloe-emodin, rhein, emodin, chrysophannol-8-Oglucophranoside and physionl-8-O-glucophranoside (60) . In addition, A 2A adenosine receptors (61) and the amino terminus of chemokine receptors (ML40) (62) have also been used in molecular biochromatography.
Biomembrane and cell biochromatography Cell surfaces include several receptors, including membrane receptors and tans-membrane receptors. Extracellular molecules attach to the receptor, triggering changes in the function of the cell. Therefore, it is agreed that the combination of some receptors or channels on cell membranes may be the first step of drug action, and the ability of a drug to interact with a cell membrane is very important for the behavior of drug in the organism. Cell membrane chromatography (CMC) is a biological affinity chromatographic method using the immobilization of biomembranes or whole cells as the stationary phase for the screening of bioactive compounds from complex matrices.
The applications of CMC in the natural products research are summarized in Table II . Several kinds of cells or cell membranes have been used in CMC for the studies of bioactive compounds in natural products, such as white cell membranes (63), endothelial cell membranes (66), vascular cell membranes (67) and red-blood cell membranes (69). Zhao et al. (76) compared different bioactive components in the root and leaf of Herba Epimedii by CMC using dog vascular cell membranes as the stationary phase. Two active components were detected in the root of Herba Epimedii, YYH-214 and YYH-216, which have potent vasodilation effects. The study indicated that the CMC screening results correlated with the pharmacological tests in vitro (76) . However, the identification of chemical structures in bioactive compounds is a problem for CMC. Therefore, the fractions containing active compounds from the CMC column are usually further analyzed by LC [or gas chromatography (GC)] -MS, which is also called the heart-cutting 2D approach. For example, by using rat cardiac muscle cell membranes as the stationary phase, the extract for the roots of Aconitum carmichaeli was analyzed. The fractions with bioactive compounds from the CMC column were further analyzed by HPLC -time of flight (TOF)-MS. Finally, eight bioactive components were screened out and the chemical structures were tentatively identified by their MS spectra (77). Li et al. (78) used mouse peritoneal macrophage and GC -MS to screen the anti-inflammatory components from Houttuynia cordata. The major component retained by CMC was identified as methyl nonyl ketone by GC -MS. Furthermore, in vitro experiments revealed that methyl nonyl ketone had satisfactory anti-inflammatory effects (78) . In addition, comprehensive 2D biochromatography was also introduced in CMC. Using an automatic 10-port switching valve equipped with two sample loops, the fractions from the first dimension (HepG2/CMC column) were introduced into the second dimension (monolithic column) and detected by TOF-MS. Based on this system, berberine and tetrahydropalmatine from Cortex Phellodendri, and amurensis, oxymatrine and matrine from Radix Sophorae Flavescentis were screened out and identified as potential active components. Their inhibiting effects on cell proliferation were confirmed by the in vitro test (73) .
On the other hand, to improve the selectivity and specificity, an HEK293 cell line with a high expression of a1D-adrenoceptor (a1D-AR) was constructed and used for the preparation of a CMC column, which was applied to evaluate the affinity of nine adrenoceptor ligands and the a1D-AR subtype. The results were confirmed by the radio-ligand receptor binding assay. Therefore, the CMC based on cell lines with high expression receptors can be used to evaluate the affinities of drug and receptor (79) . In addition, an intact cell can reserve the bioactivity of the receptors on the membrane. Therefore, whole cell instead of the cell membrane was also used in CMC. Lv et al. developed an open tubular capillary electrochromatography (OT-CEC) method by physical adhesion of platelets onto the inner wall of a capillary to calculate the platelet binding constants of aspirin and pazufloxacin (80) . The results indicated that the binding constant of aspirin is higher than that of pazufloxacin, which correlated with their differences in biological activities.
Artificial biomembrane chromatography
Oral bioavailability is an important selection criterion in identifying lead candidates during early drug discovery processes. Among the in vitro techniques used for a rapid assessment of the potential for oral absorption are the parallel artificial membrane permeability assays and the immobilized artificial membrane chromatographic assays (81) . Liposomes are structurally similar to cell membranes because of their lipid-bilayer structures and improved fluidity of lipid molecules relative to cell membranes; they are widely used to probe the permeability of compounds through cell membranes. Artificial biomembranes are prepared with covalently bonding liposomes such as egg yolk phospholipid or soybean phospholipid.
Artificial biomembranes have been used in predicting the intestinal absorption of drugs, oral drug bioavailability in humans and the brain/blood concentration ratio of structurally diverse drugs (82 -84) . Xu et al. (85, 86) synthesized an artificial biomembrane by fixing the b2-AR to the phosphate choline chromatography stationary phases and applying it for the screening of bioactive components from Sophora alopecuroides. The results showed that matrine, oxymatrine, sophocarpine and oxysophocarpine are the active compounds on the b2-adrenergic receptors. Sheng et al. (87, 88) used immobilized liposome chromatography (ILC) to study the drug-membrane permeability of multiple bioactive compounds. More than 10 primary peaks in the extract of Danggui Buxue decoction were resolved on the ILC column, suggesting that more than 10 components in the prescription have significant retention on ILC columns. Furthermore, three primary bioactive ingredients in Danggui Buxue decoction, including ligustilide, astragaloside IV and formononetin, were found to have higher retention on the ILC column than ferulic acid, another bioactive ingredient in the prescription. Zhang et al. also screened out four primary permeable components, which were identified as rhein, aloe-emodin, chrysophanol and emodin, from Radix et Rhizoma Rhei by using immobilized artificial biomembrane chromatography (89) . In addition, Wang et al. established a comprehensive 2D-HPLC-DAD-MS to screen the active component from Schisandra chinensis. More than 40 compounds in S. chinensis were resolved on the ILC column; 14 compounds were identified based on their retention properties, UV and mass data (90) . With this comprehensive 2D-HPLC system, the three-dimensional chromatographic fingerprints of S. chinensis were preliminarily established and processed by using principal component analysis and hierarchical clustering analysis.
Miscellaneous HPLC coupled with online biochemical detection is another approach to screen for bioactive components from natural products. Most biochemical detections are based on the fluorescent labels that generate a readout signal reflecting the affinity of the compounds tested with the biomolecular target. Ingkaninan et al. used this online biochemical detection to isolate a new AChE inhibitor from the alcoholic extract of Narcissus 'Sir Winston Churchill' (91).
Conclusions
Biochromatography is time-saving, simple and repeatable, and it is directly related to the pharmaceutical parameters of some chemical compositions like their activity or bonding strength. Thus, it has already been widely adopted in screening active components, separating and identifying the structures of natural products. Biochromatography can not only effectively eliminate the effects of inactive components on analytical results, but also greatly narrows the range of screening for active components in natural products. However, the low column efficiency and peak capacity of biochromatography create a bottleneck that hinders its applications. Multidimensional LC systems have been regarded as powerful separation techniques for their large peak capacity, effective separation and high resolution. Therefore, 2D biochromatography combining a biochromatographic column and a commonly used analytical column has showed great improvement for the separation efficiency of bioactive components in complex matrices. Furthermore, in close combination with modern detection techniques such as UV/visible, MS, Fourier transform infrared and nuclear magnetic resonance, the ability to identify chemical structures of bioactive compounds should also be enhanced. In a word, biochromatography will find a broad applications in fields such as research of natural products, pharmacokinetics, pharmacodynamics, drug toxicity and innovations of new drugs.
